Several recent papers have shown a close relationship between entanglement wedge reconstruction and the unitarity of black hole evaporation in AdS/CFT. The analysis of these papers however has a rather puzzling feature: all calculations are done using bulk dynamics which are essentially those Hawking used to predict information loss, but applying ideas from entanglement wedge reconstruction seems to suggest a Page curve which is consistent with information conservation.
Introduction and review
The black hole information problem is one of the great challenges facing physics today: it is clearly telling us something deep about the combination of quantum mechanics and gravity, and if only we can learn to think about it properly we may well see the way forward on many related fronts [1] [2] [3] . Recently a new approach to the black hole information problem has been introduced [4] [5] [6] : we begin with a holographic CFT in a state which is dual to a "large" AdS black hole and then couple it to an exterior "auxiliary system", allowing the black hole to evaporate (see [7] for an earlier discussion of this idea). The evolving system may then be studied using the "quantum extremal surface" proposal of [8] , using the tool of entanglement wedge reconstruction [9] [10] [11] [12] [13] to see when the auxiliary system begins to contain information about the black hole interior [4] [5] [6] .
The main technical result of [4, 5] was the discovery of an previously-unknown bulk quantum extremal surface, which at late times lies just inside the event horizon of a black hole evaporating via its coupling to an auxiliary system. Since the area of this horizon is decreasing as the evaporation proceeds, the area (plus quantum corrections) of this quantum extremal surface is also decreasing. Therefore if this surface can be argued to be the correct quantum extremal surface for computing the von Neumann entropy of the auxiliary system, its decreasing area (plus quantum corrections) maps directly to the decreasing entropy in the latter piece of the Page curve, as expected for unitary evaporation [4, 5] . In [4] this surface was found explicitly for the special case of two-dimensional conformal matter coupled to Jackiw-Teitelboim gravity, while in [5] it was constructed somewhat less explicitly in higher dimensions assuming spherical symmetry. In both cases, the new quantum extremal surface only dominates the entropy calculation a scrambling time after the Page time; the analyses of [4, 5] show that the surface evolves in a spacelike direction, providing a bulk realization of the Hayden-Preskill protocol so long as this new quantum extremal surface correctly defines the quantum corrected entanglement wedge. Ref. [6] then studied a special case of the results of [4] where the conformal matter is taken to have a semiclassical holographic dual, leading to an effective three-dimensional description of the entropy of the conformal matter fields.
There is something puzzling about the results of [4] [5] [6] . This is that all calculations were done within the framework of perturbative bulk gravity coupled to matter fields; precisely the regime where Hawking's calculations show information loss. This is not necessarily a contradiction: perturbative bulk quantum gravity is not expected to be holographic by itself, so there is not necessarily any useful interpretation for its quantum extremal surfaces. Nonetheless it seems that these calculations are clearly telling us something very interesting about the information problem, we just need to interpret them carefully. In particular we need to be unambiguous about what any particular model is telling us about the following question: if we, living in a gravitational system, were to collect the full Hawking radiation from an evaporated black hole and carefully study it using mirrors, beam splitters, etc., would we find a pure state or a mixed state? In [4] [5] [6] no firm answer was given to this question. In this paper we present a pair of holographic models of black hole evaporation, for one of which the answer to this question is "yes" while for the other it is "no". Moreover in both cases the answer is the same regardless of whether we compute it using the quantum extremal surface prescription or evaluate it directly in the CFT. After presenting our models we will revisit the results of [4] [5] [6] , emphasizing that the tension between the "bulk" and "boundary" Page curves they found is not present in our models and explaining why this is the case.
Multi-boundary wormholes
In the models of [4] [5] [6] , the entropy of bulk matter fields was essential in constructing the new quantum extremal surface which allows the Page curve to decrease. In [14] it was pointed out that black holes in AdS/CFT have the interesting property that in the holographic entropy formula Figure 1 . Constructing wormhole spatial geometries by quotients of the Poincaré disk. On the left we remove two semicircles to and identify to produce a Cauchy slice of the BTZ wormhole, with the bifurcate horizon being the dotted line marked γ. The topology is that of a cylinder. On the right we remove four semicircles to construct a Cauchy slice of a three-exit wormhole with the topology of a pair of pants. The exits are labeled 1, 2, 3, the shared interior is shaded grey, and a pair of extremal surfaces γ and γ which are both homologous to exit 1 are marked with dotted lines. In our unitary model below, γ will be the HRT surface at late times and γ will be the HRT surface at early times.
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where γ is the quantum extremal surface of smallest generalized entropy [8, [15] [16] [17] , there is some freedom in whether we view their microstates as contributing to the area term or the bulk entropy term. This observation was recently developed substantially in [18, 19] . Here we will take advantage of this flexibility to introduce models where we replace the Hawking radiation particles by large black holes, whose entropy we will always treat as contributing to the area rather than the bulk entropy. This will then enable a completely geometric picture of the kind of situation studied in [4] [5] [6] . 1 Because our models require no quantum corrections, we are therefore able to use HRT surfaces (that is, minimal classically extremal surfaces) rather than having to consider more technically-involved quantum extremal surfaces. The basic tool we will use for our construction is multi-boundary wormholes. These have a long history in AdS 3 /CF T 2 [20] [21] [22] , where they are simpler to understand since, due to the absence of gravitational waves, they can all be realized as discrete quotients of AdS 3 . Here we will only quote a few results which we will need in constructing our models; for a fairly compact recent review see appendix H of [23] . Multi-boundary wormholes arise from CFT states which are prepared by evaluating the Euclidean CFT path integral on a cut Riemann surface [20] . In favorable regions of the moduli space of the Riemann surface, we obtain a bulk geometry where arbitrary numbers of copies of the boundary CFT are connected through a shared interior. For our purposes the key point is that the topology and geometry of the time reflection-symmetric Cauchy slice of such a wormhole can be obtained by a quotient of the two-dimensional Poincaré disk, obtained by removing a collection of semicircles from the geometry at the boundary and then identifying their arcs. We illustrate this construction for the thermofield double state and a simple three-boundary wormhole in figure 1. The key points to appreciate from this construction are:
• The minimal length geodesics between the semicircles, shown as dotted lines in figure 1 , are also geodesics in the full Lorentzian continuation of this geometry. They are therefore candidate HRT surfaces.
• For three or more exits, the moduli of the Riemann surface (which here are just the locations and sizes of the semicircles modulo SL(2, R) transformations) can be adjusted to independently change the lengths of the dotted geodesics. In particular we can take all of them to have a length which is large compared to the AdS radius, and we can choose one of them to have a length which is much longer than the rest.
An important question which we do not address in this paper is when these wormhole geometries are the dominant ones in the bulk path integral. For example in the twoboundary case, the BTZ wormhole is dominant only for high enough temperature. We will simply assume that, perhaps after some additional tuning of the moduli, the wormholes we discuss are dominant. If this is not achievable, then our state preparation will need to be modified to include a projection that removes whatever geometry is more dominant.
A model for information conservation
We now present our model for unitary black hole evaporation. The basic idea is that we want to start with a single pure-state black hole whose size is many times that of the AdS length, and then allow it to evaporate by emission of AdS-sized black holes which are parametrically smaller than the one we started with. To make the analysis simple, we will arrange for this emission to place each such black hole into its own separate asymptotically-AdS spacetime. As the evaporation proceeds, these asymptotically-AdS regions will be connected by a wormhole with an increasing number of exits. Holographically we can describe this as follows: we begin with a pure state in the tensor product of many copies of some holographic CF T 2 , which is a product between a highly-excited pure state in one of the copies and the vacuum in all of the others. We then couple the CFTs together using a Hamiltonian which is carefully designed to evolve this state to a sequence of others which are prepared by cutting a CFT Riemann surface of higher and higher genus. This is easier to visualize than to describe, we give an illustration of how the spatial geometry changes in a time step in figure 2. 2 To avoid confusion we emphasize that this dynamics constitutes a modification of usual bulk dynamics for this system: the topology changes, the area of the black hole horizon decreases with time, and there are direct couplings between the boundary CFTs. Nonetheless at any fixed time the state is one which can be given a standard holographic interpretation, and in particular for which the boundary entropies can be computed using the standard quantum extremal surface technology. For black holes in AdS 3 the energy-entropy relation is For simplicity we will require the dynamics to preserve the total energy, and also to have the property that all of the "Hawking radiation" exits have the same length . If we denote the initial horizon length by L 0 , then as a function of (discrete) time n we have
Here γ is one of the two candidate HRT surfaces for the CFT containing the original black hole, as shown in figures 1, 2 (it is the one which is closer to the exterior of that black hole). γ is the other candidate HRT surface, it is the one which is closer to the "Hawking radiation" exterior. Its length is
Since we are working in a situation where L 0 , in the beginning we will have L(γ) L(γ ) so γ will be the HRT surface of either the black hole CFT or the radiation CFTs. The entanglement wedge of the black hole CFT will contain the full interior piece of this Cauchy slice of the wormhole. The entanglement wedge of the Hawking radiation will contain only the "legs" of the octopus. As the evaporation proceeds however, we eventually get to a time where n ∼ L 0 . At this point, the "Page time", we have L(γ) ≈ L(γ ). Afterwards it is γ which is now the HRT surface, and the interior piece of the slice moves over to being in the entanglement wedge of the radiation. Thus in our model γ is the analogue of the new quantum extremal surface found in [4] [5] [6] . Since the area of γ is decreasing, we therefore reproduce the qualitative features of the Page curve; we give a plot in figure 3 .
We emphasize that although we computed this Page curve using the area of the HRT surface, we could also have computed it directly using the Riemann surface preparation of these states in the CFT: by the argument of [24] it would have to give the same answer. Moreover the bulk picture of our Hawking radiation just consists of a set of black holes which are in the entangled state described by the CFT state, so the "bulk" state of the Hawking radiation is pure. We also emphasize that there is a smooth semiclassical interior for this geometry well past the Page time; this is an illustration of the "geometry from entanglement" philosophy of [25] [26] [27] . Indeed our late time geometry can be thought of as a classical version of the "quantum octopus" from figure 13 of [27] .
A model for information loss
We now turn to our second model, which is designed to "holographically simulate" what a bulk theory which has information loss would predict. We do not actually subscribe to information loss, as we discuss further in the final section, but we believe that this model is nonetheless useful in clarifying how to best interpret the results of [4] [5] [6] . Let's first recall the standard picture of information loss, shown in figure 4 (see [28] for a review on information loss). Hawking modes are entangled across the black hole horizon, with "exterior" modes ending up in the Hawking radiation and "interior" modes ending up in a baby universe. Since there is entanglement between these modes, we end up with entanglement between the Hawking radiation and the baby universe; the Hawking radiation by itself is mixed.
We will model information loss holographically by again introducing many copies Figure 5 . The "black hole evaporation process" for our second model. Each step adds an additional copy of the thermofield double state connecting a "baby universe" CFT and a "Hawking radiation" CFT. γ is the extremal area surface near the original black hole exterior, and in this model it plays a role analogous to that of the new quantum extremal surface found in [4] [5] [6] , but it is null-homologous so it is never the HRT surface for either the "black hole" CFT or the "radiation" CFTs. Indeed the HRT surface for the radiation CFTs is always γ. We have added a handle to the initial black hole to model whatever pure-state matter we collapsed to form it, in the last step this handle will disappear and the black hole system will be left in vacuum.
of a single holographic CFT, and beginning in a highly excited pure state in one of the copies and the vacuum in all the others. We then again couple the CFTs together, but now with a different coupling and a different interpretation: each interaction preserves the purity of the initial "black hole" CFT, but decreases its energy and creates a thermofield double pair between two of the other copies. We will interpret one half of this pair as being part of the baby universe, and the other half as being part of the Hawking radiation. We then continue bringing in additional copies and decreasing the energy of the initial state (see figure 5 for an illustration). 3 We further require that the sum of the energy in the "black hole" and "Hawking radiation" CFTs is conserved, since baby universes should carry zero energy to be viable (recall that really they are closed gravitational systems without boundary). Thus the lengths of γ and γ continue to be given by (3.3) and (3.2) . Eventually the original black hole has radiated down to the vacuum, and we are left just with a set of bipartite wormholes connecting "baby universe" CFTs to "Hawking radiation" CFTs. The key point is that now the HRT surface for the Hawking radiation is always given by γ in figure 5 : the radiation CFTs are never homologous to the surface γ , so there is never a crossover and the von Neumann entropy of the radiation grows linearly until the end, as expected in a theory of information loss. Moreover since the boundary of the CFT containing the original black hole is always null-homologous, the von Neumann entropy of this black hole is always zero, consistent with the no-hair theorems. Thus we see that in this model the quantum extremal surface prescription can be perfectly consistent with information loss, provided that we model the bulk in the way that most accurately reflects figure 4.
Discussion
We have presented two holographic models for black hole evaporation, one which leads to a final pure state of the Hawking radiation and one which leads to a final mixed state. In both cases, this conclusion is supported by a quantum extremal surface calculation. An obvious question is which of these models gives a better analogy to what actually happens to a small black hole in a single holographic CFT evolving without any external modifications of the dynamics. We believe that the answer is the first model, for the reason that after evaporation in this case the radiation has no choice but to be pure. More carefully, in a holographic CFT almost all pure states in the microcanonical ensemble at sufficiently low energy are dual to known pure states of the bulk radiation field, so assuming chaotic evolution after sufficiently long times any small black hole will evolve to a pure state which has almost all support on states whose bulk description consists only of soft quanta (see section 6.8 of [2] for more discussion of what goes into this argument). The low-energy Hilbert space of the CFT simply does not have enough states to account for baby universes and/or remnants. 4 Of course that is not a new argument, it is just the old argument that AdS/CFT solves the information problem in the sense of confirming that the Hawking radiation is pure. The new issue here is to understand how we should think of the Page curve computed in [4] [5] [6] . The puzzle is the following: their bulk model uses dynamics which are quite close to our second model, but their result for the Page curve is closer to that found in our first model. We claim that the resolution of this tension is as follows: their explicit calculations should be interpreted as proceeding as in our second model, but in assigning a holographic interpretation they assume that the radiation CFTs by themselves are homologous to γ , as they were in our first model (but not our second). That the dynamics of [4] [5] [6] are analogous to our second model is clear from the fact that taken literally, they predict a mixed state for the final Hawking radiation cloud. The real lesson of our first model however, and also we believe of [4] [5] [6] , is that we should not take those bulk dynamics literally! 5 To phrase it more positively, the analysis of [4] [5] [6] has given to us a beautiful new quantum extremal surface to consider, but what we have learned from our two models is that in order to make use of this surface we need to allow for bulk dynamics which go beyond those considered by Hawking. Indeed the candidate HRT surface γ in our models is precisely analogous to the one constructed in [4] [5] [6] , but it was only in our first model that we were allowed to use it in computing the Page curve. This is all to the good: in order for information to escape from black holes, there must be sizable modifications of the bulk dynamics beyond perturbative effective field theory. The evolution in our first model is such a modification: each time step couples the boundary CFTs together in a non-local way that cannot be interpreted merely as a change of boundary conditions. The task now seems to be to get a better handle on what this dynamics would look like in a more realistic model.
